Transverse relaxation rate measurements in MAS solid-state NMR provide information about molecular motions occurring on nanoseconds-to-milliseconds (ns-ms) time scales. The measurement of heteronuclear ( 13 C , 15 N) relaxation rate constants in the presence of a spin-lock radio-frequency field (R 1ρ relaxation) provides access to such motions, and an increasing number of studies involving R 1ρ relaxation in proteins has been reported. However, two factors that influence the observed relaxation rate constants have so far been neglected, namely (i) the role of CSA/dipolar cross-correlated relaxation (CCR), and (ii) the impact of fast proton spin flips (i.e. proton spin diffusion and relaxation). We show that CSA/D CCR in R 1ρ experiments is measurable, and that this cross-correlated relaxation rate constant depends on ns-ms motions, and can thus itself provide insight into dynamics. We find that proton spin-diffusion attenuates this cross-correlated relaxation, due to its decoupling effect on the doublet components. For measurements of dynamics, the use of R 1ρ rate constants has practical advantages over the use of CCR rates, and the present manuscript reveals factors that have so far been disregarded and which are important for accurate measurements and interpretation.
Introduction
The structure of a protein is determined by a large number of individually weak interactions, which constantly re-shuffle at ambient temperatures. This dynamic exchange between different conformers is often important for functions such as binding or enzymatic turnover. NMR spectroscopy is very well suited to provide direct atomic-level access to the amplitudes and time scales of such motions. Whereas solution-state NMR is a well-established tool for such studies, magic-angle spinning (MAS) solid-state NMR (ssNMR) is rapidly establishing in studies of biomolecular dynamics, complementing its solution-state counterpart in cases where limited solubility or large size hamper the application of solution-state methods. In addition to opening new fields of applications, ssNMR also has theoretical advantages for determining dynamics, compared to solution-state NMR. In particular, the absence of overall tumbling motion enables the study of motions without "blind windows" of time scales, i.e. over all time scales from picoseconds to seconds, in contrast to its solution-state counterpart, which is severely challenged on the nanosecond to several-microseconds time scale. 1 In MAS ssNMR, motions can be studied through (i) their averaging effect on anisotropic interactions (in particular, the averaging of dipolar couplings and chemical-shift anisotropies), which report on the amplitude of motion seen by these interactions, and (ii) through the investigation of nuclear spin relaxation rate constants, which depend on amplitudes and time scales of motions. Many biological processes, such as binding, gating or enzymatic turnover, occur on time scales of hundreds of nanoseconds to milliseconds (ns-ms). Studying these time scales is, therefore, of particular relevance when attempting to decipher the molecular basis of these processes. In MAS ssNMR, motion on these time scales can be accessed by measurements of transverse relaxation rate constants, such as the decay of spin coherence, R 2 . However, quantitative measurements of transverse relaxation rates in ssNMR are generally hampered by the fact that spin coherences in solid samples decay through two mechanisms, (i) due to random field fluctuations (i.e., dynamics), which is what we are interested in herein, and (ii) due to evolution under the incompletely averaged anisotropic interactions, in particular due to 1 H-1 H dipolar couplings. The latter, termed dipolar dephasing, strongly depends on the presence of (multiple) dipolar couplings, and on the employed MAS frequency. Accessing the dynamics-induced component requires that coherent contributions to signal decay (in particular dipolar dephasing) are suppressed to negligible levels. Several reported studies have shown that heteronuclear ( 13 C, 15 N) R 1ρ rate constants, i.e. the decay of C x (N x ) in the presence of a spin-lock RF field, can be measured accurately without significant interfering effects from dipolar dephasing if (i) high MAS frequencies and/or (ii) extensive deuteration are applied. [2] [3] [4] [5] R 1ρ experiments under such conditions have been reported so far for 15 N and 13 C' sites in small model proteins (SH3, GB1, ubiquitin). [2] [3] [4] [5] [6] [7] R 1ρ experiments in solids are particularly informative also when the RF field strength approaches the rotary resonance conditions, as has been shown for small molecules 8, 9 and proteins. 4, 6 As an alternative method to probe ns-ms motions, it has been proposed to measure cross-correlated relaxation (CCR) between ] components in a spin-echo experiment. 10 Even though each individual rate constant itself contains contributions from dipolar dephasing (and can, therefore, not be interpreted quantitatively), the respective difference can be quantitatively interpreted in terms of dynamics on ns-ms time scales.
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This experiment suffers, however, from the fact that the R 2 ' decay rates in MAS ssNMR are large, because of the dipolar-dephasing contribution. As a consequence, detection of a small differential relaxation rate from two individually large relaxation rate constants corresponding to the two doublet components (R 2 12, 13 , but have so far been neglected in MAS ssNMR. We use explicit numerical spin dynamics simulations, as well as experimental measurements, and show that CCR rate constants under spin-lock RF fields are measurable, and that they report on molecular motion. The CCR rate constant has a similar dependence on dynamics as the in-phase R 1ρ rate constant, as we show with numerical simulations. We assume here that the CCR rate constant in R 1ρ measurements is essentially free from coherent contributions, for several reasons. First, it has been convincingly shown that CCR rate constants, derived from the above-mentioned experiments with free evolution (R 2 ') are primarily reflecting dynamics, even though each of the two doublet components itself is not free from coherent contributions. 14 In R 1ρ -based experiments the situation can be assumed to be even more favorable, because the decay of each of the two components is much less prone to coherent decay. 3 Furthermore, we show that experimentally determined R 1ρ -derived CCR rate constants (referred to here as Γ 1 ρ CSA / D ) reveal the expected patterns of motions in a well-studied protein, and correlate with R 1ρ rate constants, which have been shown to contain only minimal coherent contributions. However, both CCR and R 1ρ contain contributions from stochastic proton flips: we provide evidence that proton spin-diffusion reduces the CCR rate constants due to averaging of the doublet components. Furthermore, proton spin diffusion also leads to an increase of the auto-relaxation (R 1ρ ) rate constants, in a manner that depends on the RF field strength. Our experimental data and simulations thus suggest that knowledge of the proton spin-diffusion rate is required for accurately determining dynamics, either through in-phase R 1ρ measurements or CCR measurements under spin-lock. Finally, we also discuss pulse schemes to suppress the effects of CCR, and thus eliminate the bi-exponentiality of decay in in-phase R 1ρ measurements. 15 N frequencies, spinning at 38 kHz MAS frequency. The effective sample temperature, calibrated with internal standard using the bulk water frequency, was set to 300 K . Pulse sequences used in this study are shown in Figure S1 in the Supporting Information, and use H detection. In particular, the sequence in Figure S1B was used for the CCR measurement, and (in-phase) R 1ρ rate constants with and without 1 H π pulse decoupling are shown in Figure S1A and C, respectively. Finally, the proton spin-diffusion experiment was performed with the sequence shown in Figure S1D . N cross-polarization, a 5 ms spin-lock period was applied (to take into account possible detuning during a spin-lock, as this is relevant for a R 1ρ experiment), followed by a 90 degree phase-shifted nutation pulse. If this pulse is a π/2 pulse, then the signal is zero. We determined the amplitude of this pulse by parametric incrementation. We find that two alternative calibration methods result in very similar calibrations: (i) a simple nutation pulse, applied at the beginning of the solvent-saturation period (see Figure S1 ), i.e. disregarding the spin-lock period, and (ii) the observation of the rotary resonance condition. For the latter, the signal intensity is monitored as a function of the 15 N spin-lock RF field strength in an experiment that applies a 5 ms spin-lock just after the initial 1 H- 15 N CP transfer ( Figure S1A ); a minimum is observed when the RF field matches the n=1 rotary-resonance condition ν RF = ν MAS . We find that the three methods provide essentially identical calibration results. Processing and analysis was done with nmrPipe 16 , and NMRView (OneMoon Scientific) as well as in-house written scripts in python language. Error estimates of rate constants were based on spectral noise estimates (3 times standard deviation of the signal in empty regions of the spectrum).
Materials and Methods

Samples and NMR spectroscopy
Numerical simulations
Simulations of the evolution of spin coherences were performed using in-house written programs using the GAMMA simulation library. 
Results and Discussion
We first aim at providing a quantitative understanding of the effects of CSA/D CCR in R 1ρ experiments by numerical simulations. Although a very well-established theoretical framework for nuclear spin relaxation exists (Redfield theory 20 ), this theory is not strictly valid in cases of slow motion, which are the focus of this paper. Recent systematic analyses have established that Redfield results may disagree with numerical simulations, 1, 7 even in cases where the actual relaxation is more than one order of magnitude slower than the dynamic event. In order to circumvent these problems we resort to numerical simulations for investigating the properties of R 1ρ relaxation in rotating solids. The simulation approach is based on an explicit jump model of a 1 H- 15 N moiety exchanging between two conformations. The employed composite Liouville-space approach has been used similarly before 11, 18, 19 . Figure 1 shows an example of a simulated decay of N x coherence for a two-site exchange, using powder averaging and MAS. The observed decay (red curve in Figure 1A ) is clearly nonexponential, and the exponential fit (black) unsatisfactorily describes the decay. The nonexponentiality may be ascribed to two effects. The first is that the NMR interactions that lead to relaxation (dipolar coupling, CSA) are orientation-dependent, and therefore the relaxation rate constants are orientation-dependent, too. When summing all contributions from different crystallite orientations across the sample, as required when considering a sample with randomly oriented crystallites, the resulting relaxation is always multi-exponential, as has been described and reviewed earlier. 1, 21, 22 If this is the only reason for non-monoexponential behavior, then individual crystallites (i.e. with a single orientation within the rotor-fixed frame) should show mono-exponential decays. However, we find that also when using single crystallites rather than a powder distribution the decay is bi-exponential (data not shown), pointing to an additional mechanism.
This second possible origin of non-exponential decay is the presence of cross-correlated relaxation due to Figure S2C,D) . One can readily show that the bi-exponential decay of N x is due to interference of CSA and dipolar mechanisms: removing either of the two mechanisms (i.e. setting the jump angle for one of the two interactions to zero, or, equivalently, setting the interaction strength to zero) leads to identical relaxation of the two components, and mono-exponential decay of N x (data not shown). Furthermore, if a 1 H π pulse is inserted, thus inverting the sign of the dipolar interaction, the near-monoexponential decay is restored, as shown in Figure 1A (grey line). This is expected, as the effect of the cross-correlated relaxation is eliminated.
Numerical simulations also allow determining the difference of the rate constants of the two components, i.e. the CSA/D CCR rate constant in the R 1ρ experiment, which we term here
Figure 2 establishes that the differential relaxation rate constant depends on the amplitude and time scale of the motion, as expected for a cross-correlated relaxation, and on the difference of RF field strength and MAS frequency, again as expected. 1, 23 It exhibits a maximum when the motion is on the time scale of microseconds to tens of microseconds, in a manner that depends on the spin-lock RF field strength (Figure 2 E, F) . :
Here, δ NH is the anisotropy of the dipolar coupling tensor, δ CSA is the chemical-shift anisotropy and P 2 (cos(θ)) is the second Legendre polynomial involving the angle between the principal axes of the dipolar and CSA interactions, θ . It is interesting to confront this equation to the expression of the R 1ρ relaxation rate constant due to the dipolar interaction and CSA, which is given as:
1,23
where
Comparison of (1) and (2) reveals that the two relaxation rate constants provide similar information. In this work we are interested primarily in motions slower than hundreds of nanoseconds (because in this range Γ 1 ρ CSA / D and R 1ρ are largest, as shown below); in this regime one can neglect the J(ω N )
term; furthermore, R 1 is very small compared to R 1ρ . Neglecting thus the J(ω N ) terms one can see that the two rate constants depend on the same spectral density functions (see Equations 1 and 2). We thus expect that the two rate constants are correlated, an observation that is indeed confirmed both experimentally and through simulations (discussed further below, Figures 2G and 3C ). In the remainder of this manuscript we do not use analytical calculations but use exclusively numerical simulations, because this allows to take into account additional factors, such as relaxation of the proton spin due to external mechanisms, as described below. By using numerical simulations we also circumvent the fact that Redfield theory is outside its range of validity for slow motions (microseconds). N labelled microcrystalline ubiquitin. The protein was crystallized in a buffer that results in a re-protonation of exchangeable sites, such as the amide sites that we are interested in here, at a level of 60%. In such highly deuterated samples, narrow 1 H line widths can be achieved, and the simplicity of the spin system, that can be approximated as a two-spin system as far as 15 N relaxation is concerned, also allows for straightforward analysis of relaxation data. [24] [25] [26] Of particular relevance here, narrow , are observed for residues G10 and K11 in the β1-β2 loop, which has been demonstrated before to undergo nanosecond motion in the microcrystals we are studying. 27, 28 Crosscorrelated relaxation rates are furthermore enhanced for residues located in the loop connecting β2 and ubiquitin's α-helix, the α-β3 loop and the loop connecting β4 to the short 3 10 helix. These loop regions have also elevated R 1ρ rate constants ( Figure 3B ). Figure 3C shows the correlation of residue-wise Γ 1 ρ CSA / D and R 1ρ rate constants. Because the majority of residues are located in secondary structure elements, residue-wise variations are generally small. Basically, only residues located in loop regions have significantly enhanced Γ 1 ρ CSA / D and R 1ρ rate constants. This limits the precision with which the correlation can be determined. The slope of the correlation is 1.48 when taking into account all residues (red line) and 1.96 when neglecting the two data points with largest rate constants. These experimental data unequivocally establish that the correlation has a non-zero offset: while R 1ρ rate constants exceed 2 s -1 for all residues, many residues have a close-to-zero CSA/D cross-correlated relaxation rate constant. This finding cannot be understood based on the simulations in Figure 2 . To understand this offset, one needs to take into account partial proton selfdecoupling, as shown in the following section.
For completeness, we have also shown previously determined CSA/D CCR rate constants, determined with a spin-echo element instead of a spin-lock period. The drawback of the former experiment is that the decay with free evolution (R 2 ') is significantly faster than decay under spinlock (in ubiquitin by up to one order of magnitude). Consequently, it is more difficult to determine small CCR rates from the difference of the two comparably large decay rate constants corresponding to the two doublet components. Qualitatively, the three observables highlight the same residues undergoing slow motions. ] inter-convert, and this would result in (partial) self-decoupling of these two 15 N doublet components. In the context of cross-correlated relaxation, such self-decoupling is an important parameter, because it is expected to reduce the CCR rate constant. 29 In this section we study the consequences of proton longitudinal relaxation or spin diffusion on heteronuclear relaxation and cross-correlated relaxation, using numerical simulations. At difference to the simulations shown in Figure 2 , we added an ad hoc random field contribution acting on the proton spin. The effect of this random field is to relax the proton spin, and therefore interchange spin states H α and H β . In principle one might also attempt to explicitly simulate the proton spin diffusion or relaxation by using a large spin system with multiple protons. In practice, however, such simulations are prohibitively long if the spin system is larger than about 4-5 spins, and the accuracy of the proton evolution likely is not better than in our ad hoc external relaxation approach. at most, the proton relaxation leads to an increase in R 1ρ . The increase of R 1ρ depends on the RF field strength and the MAS frequency ( Figure S4 ). The origin of this increased R 1ρ is the fact that stochastic proton spin flips counteract the MAS-induced recoupling of the dipolar interaction, as discussed in more detail in the Supporting Information. Taken together, the simulations of Figure 4 establish that the effect of the additional 1 H spin relaxation is (i) a reduction of the CCR rate constant, and (ii) an increase of the R 1ρ rate constant. The decreased CCR and increased R 1ρ rate constants change the slope of the correlation of the two rate constants, and result in an offset of the two rate constants ( Figure 4D ). It is remarkable that this situation is qualitatively found in the experimental data, shown in Figure 3C , which reproduce an offset of R 1ρ rate constants. It shall be noted that Figure 4 assumes a single amplitude and varies the time scale of the motion, a situation that is not likely to apply to the range of amide sites across a protein. Nonetheless, qualitatively the behavior observed in Figure 4 applies irrespectively of the precise motional model.
The amount by which the CCR rate is reduced depends on the rate at which the 1 H spin flip ( Figure  4) . We therefore need to estimate which spin diffusion rate constants are realistic in our experimental setting, i.e. at a MAS frequencies of 38 kHz and with the deuteration level we employed (60% back-exchange). Figure 5 shows experimental measurements of spin-diffusion between amide protons. By comparison of the spectra obtained with very short mixing time (100 μs, red) and 15 ms mixing (black), one can observe that there are additional peaks pointing to 1 H-1 H spin diffusion. Figure 5B highlights a few cases of well-resolved cross-peaks, corresponding to spin diffusion in a β-turn region (residues 45-47); for the cases of these cross-peaks, the corresponding amide sites are within ~4.2 Å at most. Figure 5C shows the time evolution of representative diagonal-and cross-peaks. The diagonal peaks show non-monoexponential decay, which we ascribe to contributions of spin-diffusion/cross-relaxation (fast component) and relaxation of the magnetization, presumably at the most dynamic sites, or through exchange with solvent. When fitting these curves with bi-exponential functions, respective rate constants are several tens per second for the fast rate (about 30-40% amplitude) and about 5-10 s using an analytical approach. In principle, such an approach could also be applied in solids. However, the effect of the proton spin flips on the 15 N relaxation depends on the RF field and the MAS frequency, and an appropriate formalism is currently not developed. However, one may resort to numerical simulations, such as the ones we use here, to evaluate the effects of proton spin flips on heteronuclear R 1ρ or CCR rate constants. Experimentally determined proton decay rate constants, or at least global estimates, may be used to this end.
We illustrate this with the data shown in Figure 4 . For example, assume that the experimentally determined R 1ρ rate constant is 3 s . In principle, one can take into account these effects, and use the corrected values when fitting motional models to transverse relaxation data. H relaxation has a stronger effect on
It is noteworthy that such a correction appears more difficult for the CCR rate constant, which may become very small and thus error-prone, than for R 1ρ . Of course, one may attempt to suppress the effects of proton spin flips even more, by using higher MAS frequencies and/or higher deuteration levels. Increasing MAS frequency will, however, not suppress proton magnetization decay which is actually due to dynamics or chemical exchange, such that it appears unlikely that one may suppress its effects completely. H spin diffusion, reduces the CCR rate constant, and also contributes to the observed R 1ρ rate constant. This finding also shows that for accurate quantitative analyses of R 1ρ rate constants one should correct the measured rate constants for the contribution arising from proton relaxation. The present report of cross-correlated relaxation adds to the increasing arsenal of techniques to study protein dynamics on long time scales by MAS ssNMR, and stresses the importance of considering hitherto ignored effects when interpreting relaxation rate constants in ssNMR.
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Figures showing the pulse sequences used in this study; figures with additional simulations, and experimental data; extended discussion about the increase of R 1ρ rate constants due to proton spin relaxation. This material is available free of charge via the Internet at http://pubs.acs.org. 
